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Abstract
[bookmark: OLE_LINK712][bookmark: OLE_LINK713]Hepatocellular carcinoma (HCC) is one of most common cancers that cause death in the world. Thermal ablation (TA) is an important alternative treatment method for HCC patients who are not appropriate for surgery or liver transplantation. Particularly for small and early HCCs, TA can be considered as the first-line curative treatment. However, local and distant recurrence rates are still high even though the TA equipment and technology develop rapidly. Immunotherapy is a novel systemic treatment method to enhance the anti-tumor immune response of HCC patients, which has the potential to reduce the tumor recurrence and metastasis. The combination of local TA and systemic immunotherapy for HCCs may be an ideal treatment for enhancing the efficacy of TA and controlling the recurrence. Herein we summarize the latest progress in TA, immunotherapy, and their combination for the treatment of patients with HCC and discuss the limitations and future research directions of the combined therapy.
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[bookmark: OLE_LINK710][bookmark: OLE_LINK711]Core Tip: Hepatocellular carcinoma (HCC) is one of the most leading causes of death in the world. Thermal ablation (TA) is an important treatment method for HCC patients. The main disadvantage of TA for HCC is the high local and distant recurrence rates after treatment. Immunotherapy is a novel systemic treatment that presents potential efficacy to inhibit the tumor recurrence. The combination of local TA and immunotherapy for HCC may be an ideal treatment for enhancing the efficacy of TA and controlling the recurrence. We herein summarize the latest progress in TA, immunotherapy, and the combination of TA with immunotherapy for HCC and discuss the future directions of the combined therapy.

INTRODUCTION
[bookmark: OLE_LINK714][bookmark: OLE_LINK715]Hepatocellular carcinoma (HCC) is one of the most common cancers and leading causes of death in the world[1-4]. Liver resection is the primary treatment method for patients who are eligible for surgery[5-8]. However, most of the patients are not eligible for surgical resection[8]. Thermal ablation (TA), mainly radiofrequency ablation (RFA) and microwave ablation (MWA), is applicable for patients who are not appropriate candidates for liver resection or transplantation[6-8]. TA has been widely used for the treatment of HCC and is considered as a curative treatment method for early and small HCCs[5,7-9].
TA is recommended as the first-line treatment strategy for patients with very early-stage or early-stage HCC according to the American Association for the Study of Liver Diseases guidelines[5,7]. However, TA seems to be less effective for lesions bigger than 3 cm or lesions that are near to the adjacent structures such as liver capsule or blood vessels in the liver. There are many controversies regarding the ablation treatment for HCCs with a diameter of 3-5 cm[10-12]. The main obstacle for TA application for HCC is the relatively high local tumor progression rate and lower long overall survival (OS) rate after ablation[9,12-16]. The combination of TA with percutaneous ethanol ablation (EA), transarterial chemo-embolization (TACE), nanoparticle-mediated therapy, targeted molecular therapy, and immunotherapy seems to be more effective than ablation alone, with better local tumor control and overall and recurrence-free survival rates[16]. 
Immunotherapy is considered one of the most promising novel therapies for cancer, which can stimulate specific immune responses and enhance the self-regulation ability of the immune system, thereby delaying and reducing tumor recurrence[15,17,18]. Compared with other treatment strategies such as surgery, liver transplantation, and TA, immunotherapy can be applied theoretically for various stages of HCC. In addition, immunotherapy can induce systemic and durable responses by immunological memory, which is beneficial for controlling tumor recurrence[17]. 
[bookmark: _Hlk83460035]Previous studies have found that TA could enhance the body’s anti-tumor immune response through releasing more tumor-related antigens (TAAs) and thereby inducing infiltration of T-cells and dendritic cells (DCs)[16,19-22]. However, the ablation-induced immune enhancement effect is not lasting[19]. The combination of TA and immunotherapy seems to be a promising method for the treatment of HCC in the future. Accordingly, this review seeks to analyze the current studies of combined TA with immunotherapy for HCC, and discuss the further research directions on this topic.

[bookmark: OLE_LINK716][bookmark: OLE_LINK717]THERMAL ABLATION
TA is a minimally invasive treatment method for patients suffering from HCC, which is usually guided by ultrasound or computed tomography[6,23]. TA usually includes RFA, MWA, high intensity focused ultrasound (HIFU), laser ablation, and cryoablation. And the most common TA techniques are RFA and MWA[6,23]. 
Ten years ago, Peng et al[24] found that the efficacy and safety of percutaneous RFA were better than surgical resection (SR) in patients suffering from HCC measuring ≤ 2 cm in a retrospective comparative study with a 5-year follow-up. Recently, Lee et al[13] also suggested that the efficacy of percutaneous RFA as the first-line therapy for single nodular HCC < 3 cm was excellent in a 10-year follow-up study. In a randomized controlled trial (RCT) study comparing SR with RFA for early-stage HCC (solitary tumor ≤ 5 cm; or multiple tumors ≤ 3, each ≤ 3 cm), RFA showed similar disease-free survival (DFS) rates, overall tumor recurrence rates, and OS rates at 1, 3, 5, and 10 years after treatment, whereas RFA had less blood loss and shorter treatment time and hospital stay than the SR group[10]. In addition, RFA had the same 1-, 3-, and 5-year OS and progression-free survival (PFS) as repeat resection for the recurrent HCC patients in a multicenter retrospective study, but with a lower rate of complications[25].
However, SR showed higher long-term PFS and OS rates than RFA in patients with small perivascular HCCs[26]. In addition, patients with HCCs > 2 cm after RFA as first-line therapy had a greater risk of recurrence beyond Milan criteria[14]. Xu et al[27] also concluded that RFA and SR had similar OS at 1 year (P = 0.63) and 3 years (P = 0.29), whereas RFA had shorter OS at 5 years (P = 0.001) after treatment for small HCCs in a systematic review of RCTs. 
No-touch multibipolar RFA and MWA were also recommended for HCCs within the Milan criteria in some studies[11,28,29]. Nevertheless, Zhuang et al[30] showed that SR had better survival benefit than RFA for HCC within Milan criteria in a population-based study. Ryu et al[11] also reported that the SR group had a better recurrence-free survival than the MWA group for HCC patients with tumor size > 3 cm. Recently, Gui et al[31] reported that TACE plus RFA offers comparable oncologic outcomes in patients with HCC as compared with SR, with added benefit of lower morbidity from a meta-analysis with eight retrospective studies and one RCT. However, in another meta-analysis with 7 RCTs and 18 matched nonrandomized trials, Shin et al[12] concluded that SR was better than MWA or RFA plus TACE in terms of OS and recurrence free survival for HCCs within Milan criteria.
Accordingly, TA as the first-line treatment for patients with HCC is still controversial and more multicenter clinical studies and RCTs are needed in the future. However, many patients with HCCs are not the ideal candidates for SR or liver transplantation. The main obstacle for the application of TA is the relatively higher local and distant recurrence compared with SR. Therefore, there is an urgent need for combined treatment with other methods to decrease the recurrence after ablation. 

[bookmark: OLE_LINK718][bookmark: OLE_LINK719]IMMUNOTHERAPY
The main immunotherapeutic strategies include immune checkpoint inhibitors (ICIs) therapy, cell-based therapies such as adoptive cell transfer (ACT), and tumor vaccine therapy[18,32] (Figure 1).
ICIs can block tumor-induced immunosuppression, and thereby reactivate and enhance the body’s anti-tumor immune response[17,18,33]. Programmed cell death protein-1 (PD-1), programmed cell death 1 ligand 1 (PD-L1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) are the main targets of ICIs for HCC treatment[18,34,35]. Nivolumab and pembrolizumab had been approved by the United States Food and Drug Administration (FDA) as the second-line treatment for HCC after progression of disease on first-line therapy with sorafenib, which were validated in some previous clinical studies[18,36-39]. The combination of atezolizumab/ bevacizumab had also been approved by the FDA as the first-line therapy in previously untreated, unresectable HCC[18,40]. More ICIs, such as tislelizumab, camrelizumab, durvalumab, and avelumab, are currently being evaluated in some ongoing clinical studies[18,41,42] (Table 1). ICIs were considered as a safe and effective method for advanced-stage HCC in a recent systematic review and pooled analysis of 2402 patients[43]. The results showed that the disease control rate, objective response rate, and mean OS rate were 60.7%, 22.7%, and 15.8 mo, respectively. However, 14.9% of patients discontinued because of adverse events. ICIs were not recommended for the liver transplant setting because of the high fatal graft rejection (40.0%) and mortality (80.0%).
ACT refers to a method of passive immunotherapy in which immune cells with tumor-killing effects are expanded and cultured in vitro, and then returned to tumor patients to achieve anti-tumor purposes[44]. ACT mainly includes cytokine-induced killer cell (CIK), natural killer (NK) cell, tumor-infiltrating lymphocyte, T cell receptor-engineered T cell, and chimeric antigen receptor T cell (CAR-T) therapy[18,44,45]. Twenty years ago, Takayama et al[46] conducted a RCT study in which 150 patients who had undergone curative resection for HCC were allocated to no adjuvant treatment (n = 74) or adoptive immunotherapy (n = 76). The results showed that adoptive immunotherapy decreased the recurrence rate by 18% compared with the control group. Patients in the immunotherapy group had significantly longer disease-specific survival (P = 0.04) and recurrence-free survival (P = 0.01) than the control group. However, the OS between the two groups had no significant difference (P = 0.09). 
Many clinical studies, including some RCTs, have demonstrated that CIK cell therapy was useful in prolonging the OS, PFS, and time to recurrence for patients with HCC after curative resection or RFA[47-52]. Jia et al[51] conducted a retrospective study to compare the efficacy of autologous transplantation of CIK cells as an adjuvant therapy for patients with HCC (165 cases) with the control group who only received surgery or TACE (99 cases). The results showed that patients in the surgery + CIK group had a significantly longer OS compared with those in the CIK group, TACE + CIK group, and TACE-based comprehensive treatment + CIK group. In addition, the surgery + CIK group likely had an improved PFS but a similar OS compared with the patients in the surgery-alone group. Cao et al[53] performed a meta-analysis to investigate the effectiveness of cellular immunotherapy (CIT), involving DCs and CIKs, combined with various conventional treatments for HCC. The results showed that immunotherapy with DCs and/or CIKs improved the OS significantly at 6 mo (P = 0.02), 1 year (P < 0.00001), 3 years (P < 0.00001), and 5 years (P < 0.00001). The CIT also significantly reduced the recurrence rate at 6 mo (P < 0.0001) and 1 year (P < 0.00001) after treatment. However, the adverse effect rate in immunotherapy groups was higher than conventional treatments while symptoms relieved within 24 h. CAR-T therapy is a promising novel ACT technique for advanced HCCs, which was proved to be safe in some phase I or II clinical studies[45,54]. However, the efficacy should be evaluated in future phase III studies. 
Tumor vaccine therapy refers to the introduction of tumor cells, tumor-related peptides, or TAA coding genes into patients[17,18]. By inducing and perpetuating the tumor specific immune response, activated effector T cells can specifically reduce tumor burden and control tumor recurrence.
Some tumor vaccines, such as peptide vaccine, DCs, and oncolytic viruses, have been used for the treatment of advanced HCC in some phase I or II clinical studies, which presented potential efficacy in controlling tumor recurrence[55-59]. However, oncolytic immunotherapy seemed not effective for advanced stage HCC[60]. Recently, Moehler et al[60] conducted a randomized, open-label phase IIb trial in 129 HCC patients who failed in sorafenib therapy to compare the OS between vaccinia virus-based oncolytic immunotherapy plus best supportive care (BSC) (86 patients) and BSC alone (43 patients). There was no significant difference between the two groups in OS (median 4.2 mo vs 4.4 mo, P = 0.428), response rate, or time to progression. The main adverse events included pyrexia (8%) and hypotension (8%).
Based on the previous clinical studies, ICIs and ACT are the most common used immunotherapy strategies for the treatment of patients with HCC. And the combination with other inhibitors, chemotherapy, RFA, or TACE is more effective than immunotherapy alone[18]. Tumor vaccine therapy is safe for HCC patients according to the phase I and II studies. The efficacy of tumor vaccine therapy should be evaluated in more clinical studies in the future. Furthermore, immunotherapy alone for HCC is less effective than the combination with other treatments.

[bookmark: OLE_LINK720]THERMAL ABLATION COMBINED WITH IMMUNOTHERAPY
[bookmark: OLE_LINK721]The coagulation of tumor tissue caused by TA leads to the release and exposure of tumor antigens, which can stimulate the immune response[19,20,61-63]. The peripheral blood cytotoxic T lymphocyte (CTL) population, CTL/Treg ratios, and NK cells increased significantly in HCC patients undergoing TA therapy[64,65]. Accordingly, long-lasting anti-tumor immune response can be obtained after the combination therapy, and the residual and metastatic tumors will be eliminated or inhibited[20] (Figure 1).

RFA combined with immunotherapy
RFA is the most commonly used TA method for the treatment of HCC. In 2003, Wissniowski et al[66] found that RFA induced a tumor-specific T-cell reaction when destroying tumor tissue in tumor-bearing VX2 hepatoma rabbits. The combination of RFA and anti-PD-1 antibodies significantly enhanced tumor antigen-specific T cell responses, increased intratumoral Teff to Treg ratio, and synergistically inhibited growth of the distant tumor[67]. 
Previous studies also demonstrated that RFA could enhance T-cell-mediated immune response in HCC patients after treatment. Zerbini et al[68] found that RFA activated and enhanced the tumor specific T-cell response in 20 HCC patients 1 mo after treatment. They[69] also showed that RFA enhanced the expression of costimulatory molecules, lymph node homing chemokine receptor, antigen presentation, and cytokine secretion and induced tumor-specific T-cell responses by creating an antigenic source along with stimuli appropriate for maturation of APCs. Nobuoka et al[70] validated that RFA induced stronger glypican-3-specific T-cell-mediated immune response than SR in HCC patients and tumor-bearing mice for the first time. Compared RFA, SR removes all TAAs and thereby weakens tumor-related immune response. Accordingly, RFA combined with immunotherapy has more potential than SR for HCC therapy. However, although RFA can enhance various TAA-specific T cell responses, the memory phenotype and lifetime of TAA-specific T cells are not sufficient to prevent HCC recurrence completely[71]. Thus, the combination of RFA and immunotherapy presents a promising novel treatment method to inhibit tumor recurrence[22].
As the most commonly used immunotherapy strategy, ICI combined with TA seems to be a promising therapy. In 2017, Duffy et al[72] conducted a clinical trial to evaluate the safety and feasibility of tremelimumab (CTLA-4) combined with ablation (RFA and chemoablation) in 32 patients with HCC. The results showed that 26.3% (5/19) of the evaluable patients achieved a confirmed partial response. The tumor PFS rates at 6 and 12 mo for these refractory HCCs were 57.1% and 33.1%, respectively. The median OS and time to tumor progression were 12.3 mo (95%CI: 9.3 to 15.4 mo) and 7.4 mo (95%CI: 4.7 to 19.4 mo), respectively. In addition, the viral load decreased in 85.7% (12/14) of those patients with quantifiable HCV. No dose-limiting toxicities were found and the most common toxicity was pruritus. Nevertheless, the small sample of the study only proposed a new and promising treatment method for advanced HCC, which should be further verified in future studies. 
TA combined with ACT immunotherapy is more commonly used in the treatment of HCC patients. In 2008, Weng et al[73] preformed a RCT study to test the efficacy of RFA and TACE combined with CIK cells in 85 HCC patients. The results showed that the 12-mo and 18-mo recurrence rates in the combination group were lower than those of the control group after treatment (12-mo: 8.9% vs 30.0%; 18-mo: 15.6% vs 40.0%; P < 0.05 for both). In the combination group, the percentages of CD3+, CD4+, CD56+, and CD3+CD56+ cells and CD4+/CD8+ cell ratio increased and the percentage of CD8+ cells decreased after CIK cell infusions. In addition, the most common adverse events were mild fever and shiver (24.4%, 11/45) in the combination group. Huang et al[74] also reported that the overall response rate and disease control rate were similar in the TACE + RFA + CIK group (85 HCC patients) and the TACE + RFA group (89 HCC patients). However, the patients in the TACE + RFA + CIK group had a significantly longer OS (56 mo vs 31 mo, P = 0.001) and PFS (17 mo vs 10 mo, P = 0.001) than those in the TACE + RFA group through the Kaplan-Meier analysis. No severe side effects occurred in the CIK cell transfusion. Ma et al[75] found that the percentage of CD3+CD8+ cells and IFNγ concentration in the peripheral blood significantly increased and CD4+/CD8+ cell ratio decreased after combination of RFA with autologous RetroNectin activated killer cells for the treatment of seven HCC patients with tumor size < 4 cm. During a 7-mo follow-up period, no severe adverse events, tumor recurrences, or deaths were observed. Cui et al[76] carried out a control study to compare the efficacy of CIT combined with RFA (30 patients) or RFA alone (32 patients) in 62 HCC patients. After a median follow-up time of 12 (10-28) mo, the PFS and OS in the RFA/CIT group were significantly longer than those of the RFA group (P < 0.05). The percentages of CIK and NK cells were also higher in the RFA/CIT group. Moreover, the hepatic function of patients in the RFA/CIT group maintained and only one patient developed a mild fever (38.5℃) after one infusion and recovered 2 h later. However, Lee et al[58] reported that the combination of RFA and DC vaccine adjuvant immunotherapy increased the risk of tumor recurrence in HCC patients in a phase II trial. And the specific mechanism remains unclear and further investigation is needed.
The combination of RFA and radioimmunotherapy was also applied for HCC. Bian et al[77] performed a RCT study to compare the tumor recurrence rates of 127 patients with Barcelona Clinic Liver Cancer (BCLC) classifications of stage 0-B after either RFA alone (n = 65) or RFA followed by (131I) metuximab (n = 62). The results showed that the 1- and 2-year recurrence rates in the combination group were 31.8% and 58.5%, whereas those in the RFA group were 56.3% and 70.9%, respectively. The median time to overall tumor recurrence was 10 mo in the RFA group and 17 mo in the combination group (P = 0.03). In those metuximab target (i.e., CD147)-positive patients, the combination group showed better anti-recurrence benefit than RFA alone (P = 0.007). Tu et al[78] conducted a retrospective study to compare the efficacy of the combination of monoclonal antibody (131I-chTNT, Iodine-131-labeled chimeric tumor necrosis therapy) with RFA therapy (12 cases) and RFA alone (22 cases) in treating middle-advanced stage HCC. The results showed that the PFS rate of patients in the combination group was significantly longer than that of the RFA group (6-mo: 72.7% vs 50%, 1-year: 45.5% vs 0%). The 1-, 2-, and 3-year OS rates of the patients in the combination group were higher than those in the RFA group (100%, 91.7%, and 75 % vs 81.6%, 56.5%, and 42.4%). The counts of white blood cells significantly increased in the combination group (P < 0.05) at 1 wk and were reversed to normal at 2 wk and 1 mo after therapy. The blood levels of thyroxine (T4), triiodothyronine (T3), TSH (thyroid-stimulating hormone), free thyroxine (FT4), and free triiodothyronine (FT3) of patients in the combination therapy group did not differ significantly at 1 mo after treatment. However, more local recurrences were found in patients with HCCs measuring > 4 cm. 

Microwave ablation combined with immunotherapy
MWA is also a commonly used TA technique for HCC treatment. MWA combined with anti-PD-1/anti-CTLA-4 not only increased the survival time and protected the mice against tumor recurrence, but also enhanced the intratumoral infiltration of CTL and systemic T-cell immune responses induced by MWA through activation of synergistically specific antitumor immunity[79]. Recently, Leuchte et al[80] performed a prospective study to observe the immune responses of 23 HCC patients undergoing MWA. The results showed that only moderate effects on circulating immune cells were found after MWA. Enhanced tumor-specific immune responses were found in 30% of patients. Interferon-y and interleukin-5 T cell responses against TAAs were higher in patients with a long-time remission (> 1 year) after MWA (7/16 of patients) than those suffering from an early relapse (0/13 of patients). The PFS in patients with a long-time remission was also longer (27.5 mo vs 10.0 mo). Accordingly, immune-related effects of MWA in HCC patients were related to tumor control, thus providing additional evidence for the combination of MWA and immunotherapy. 
Several previous studies also evaluated the efficacy of the combination therapy of MWA and immunotherapy. In 2011, Zhou et al[81] performed a phase I clinical study of combination therapy with MWA and CIT in ten HCC patients. The results showed that 57.14% (4/7) of patients had a decrease in viral load. The percentage of CD8+CD28- effector cells increased significantly and the percentage of CD4+CD25high regulatory T lymphocytes decreased significantly at 1 and 3 mo after therapy. Yu et al[82] compared the therapeutic efficacy of immunotherapy after MWA in 14 patients received multiple courses of immunotherapy after MWA (immunotherapy group) and 15 patients received MWA alone (control group). The results showed that more intrahepatic and extrahepatic recurrence was identified in the control group (40.0%) than in the immunotherapy group (7.1%). However, there was no significant difference in the rate of DFS or OS within 16 mo between the two groups (DFS: 92.86% vs 66.67%, P = 0.076; OS: 100% vs 80%, P = 0.126). The mean absolute lymphocyte count and the mean albumin level were significantly higher in the immunotherapy group (P < 0.05). Recently, Huang et al[83] performed a retrospective study to compare the efficacy and safety of TACE + MWA + CIK therapy (43 cases) and TACE + MWA therapy (57 cases) in 100 unresectable HCCs. The results showed that the patients in the TACE + MWA + CIK group have similar overall response rate [74.42% (32/43) vs 77.19% (44/57), P = 0.243], and higher disease control rate (87.72% vs 79.07%, P = 0.748) compared with those in the TACE + MWA group, though there was no statistical difference. The OS (41 mo vs 24 mo, P = 0.002) and PFS (17 mo vs 10 mo, P = 0.023) of patients in the combined CIK cell treatment group were also longer than those in the TACE + MWA therapy group. In addition, no procedure-related mortality or severe complications were reported during follow-up.

Other thermal ablation techniques combined with immunotherapy
Until now, no studies have been reported on HIFU or laser ablation combined with immunotherapy for the treatment of HCC. Only one study[84] was documented with respect to the combination therapy of cryotherapy and DC-CIK cell immunotherapy. In 2013, Niu et al[84] conducted a retrospective study to investigate the effect of comprehensive cryosurgery plus DC-CIK cell immunotherapy in 45 patients with recurrent HCC (intra- and extra-hepatic tumors). After an 8-year follow-up, the median OS in the cryo-immunotherapy, immunotherapy, cryotherapy, and untreated groups was 32, 4, 17.5, and 3 mo, respectively. The median OS of patients in the cryo-immunotherapy group after multiple treatments was higher than that after a single treatment (36.5 mo vs 21 mo, P < 0.05). 
The published clinical studies on the combination of TA and immunotherapy are presented in Table 2. From previous clinical studies, the combination of RFA, MWA, or cryoablation with immunotherapy were all effective in reducing or delaying tumor recurrence and improving OS for patients with HCC. RFA combined with cell-based therapy was the most commonly used combination therapy. In addition, no serious adverse events or treatment-related deaths were observed in these studies. The most common adverse events were mild fever, chills, pruritus, and increased white blood cell count in the combination therapy group. However, the combination of DC vaccine and RFA seems not to be the ideal treatment for patients with HCC[58]. Moreover, HIFU, laser ablation, and cryotherapy were seldom used in the combination group. Considering that previous studies are all single-center and small sample studies, more multi-center, large-scale RCTs are needed to validate the effectiveness of combination therapy in the future. 

[bookmark: OLE_LINK722][bookmark: OLE_LINK723]DISCUSSION
TA can completely eliminate the tumor and simultaneously enhance the body’s anti-tumor immune response. The relatively weak specific T-cell-mediated immune response is not sufficient to prevent tumor recurrence[61]. Immunotherapy aims to improve the body’s immune system against TAAs and induce tumor cell death. Thereafter, the tumor can be completely ablated and the local and remote recurrence can be alleviated after the combination therapy. From the results of present studies, TA combined with immunotherapy shows higher OS and PFS than ablation or immunotherapy alone. However, there are some unanswered questions in these fields. 
First, the specific mechanism of synergy of the combination of TA and immunotherapy is still unclear. There are so many immunotherapeutic strategies and TA therapy methods. TA induces the release of more TAAs, then increases the infiltration of T-cells and DCs, and facilitates the activation of CD4+ and CD8+ T cells, which strengthens the body’s systemic anti-tumor immune response[16,20-22]. Additionally, the sub-lethal zone can also activate the anti-tumor immune response by generating inflammatory cytokines [such as heat shock proteins, interleukin (IL)-6, IL-1, and tumor necrosis factor-α] and make tumor cells more sensitive to immunotherapy by modulating the immunogenicity[16,20,22,85]. Therefore, the sustained anti-tumor immune response can be achieved after the combination of TA and immunotherapy[86].
Second, the sequence of TA and immunotherapy is unclear. Most studies reported that TA was performed before[76-78,82,83] or during immunotherapy[72]. Accordingly, TA performed before or during immunotherapy are all effective to prevent local and distant tumor progression. In clinical practice, for tumors that can be completely eliminated after using ablation, immunotherapy may be applied thereafter. However, for patients with HCC that are difficult to obtain the complete response, immunotherapy might be conducted first to reduce tumor size or number. 
Third, HCC can induce tumor immune tolerance through multiple mechanisms to evade the body’s immune killing, and eventually cause tumor recurrence and metastasis. Accordingly, single-agent immunotherapy combined with ablation is difficult to obtain a high clinical response rate. Previous studies reported that TACE or hepatic artery embolization could also enhance immune function by decreasing Treg populations after treatment for patients with HCC[87,88]. Combined immunotherapy and targeted molecular therapies resulted in higher OS and PFS in patients with unresectable HCC[40,89]. Therefore, comprehensive treatment, combination of ablation, immunotherapy, chemotherapy, TACE, and targeted therapy, or combining multiple targets immunotherapy may be more effective[90,91]. 
Fourth, the criteria for certain patients included in the combination therapy are also unknown. RFA conducted for early-stage HCCs might be more effective. Immunotherapy is now mainly performed for advanced HCC patients. Currently, no uniform standard is found for those patients included in the combination therapy. Few studies were carried out to compare the efficacy of the combination therapy for HCCs with different BCLC stages. In addition, more studies are still needed to obtain the specific dose and time of immunotherapy in the combination for different stages of HCC. 

[bookmark: OLE_LINK724][bookmark: OLE_LINK725]PERSPECTIVES
[bookmark: OLE_LINK726]With the development of immunotherapy, more targets and mechanism of immunotherapy are found, thus more new immunotherapy drugs will appear. However, immunotherapy alone is less effective than the combination therapy. Comprehensive treatment and personalized treatment are the future development trends of HCC treatment. Further studies are needed to focus on the following directions. First, in order to select the appropriate immunotherapy and the combination therapy method for each patient, there is an urgent need for more accurate means to evaluate the effectiveness of immunotherapy drugs. Compared with tumor immunohistochemical test and genomic sequencing, functional diagnosis might be the ideal method for testing the effectiveness of immunotherapy[92]. Second, more clinical studies are needed to evaluate the efficacy of combination therapy. High-level clinical studies are also needed to evaluate the sequence of immunotherapy and TA, the efficacy of combination therapy in various BCLC stages of HCC, and the combination with other novel therapies, such as molecular targeted therapy, nanoparticle-mediated therapy, and VEGF inhibitors[93]. 

CONCLUSION
[bookmark: OLE_LINK727][bookmark: OLE_LINK728]Based on previous clinical studies, the combination of TA with immunotherapy could effectively control the tumor recurrence and prolong the PFS and OS in patients with HCC compared with TA therapy or immunotherapy alone. Patients could obtain higher and sustained anti-tumor immune response after the combination therapy. However, more high evidence-based studies are needed to confirm the efficacy of the combination therapy.
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[bookmark: OLE_LINK733][bookmark: OLE_LINK734]Figure 1 Combination strategies of thermal ablation and immunotherapy for treatment of  hepatocellular carcinoma. The main immunotherapy strategies include ICIs (Anti-PD-1/PD-1/CTLA-4) therapy, cell-based therapies such as ACT, and tumor vaccine therapy. Sustained anti-tumor immune response can be obtained after the combination of TA and immunotherapy. Then the residual and metastatic tumors can be eliminated by cytotoxic T lymphocytes and rechallenged tumors can be inhibited by memory T cells. TA: Thermal ablation; ICIs: Immune checkpoint inhibitors; PD-1: Programmed cell death protein-1, PD-L1: Programmed cell death 1 ligand 1; CTLA-4: Cytotoxic T-lymphocyte-associated protein 4; APC: Antigen presenting cell; ACT: Adoptive cell transfer; NK cells: Natural killer cells; CIKs: Cytokine-induced killer cells; TILs: Tumor-infiltrating lymphocytes; CAR-T: Chimeric antigen receptor T cells;  TCR-T: T-cell receptor-gene  engineered T cells; CTLs: Cytotoxic T lymphocytes.


Table 1 Immunotherapy drugs used in hepatocellular carcinoma
	Drugs 
	Trade name
	Targets
	Approved/ongoing
	Company
	Indications

	Nivolumab
	Opdivo
	PD-1
	Approved by FDA in 2017; Approved by China NMPA in 2018
	Bristol-Myers Squibb 
	HCC progression after first-line therapy with sorafenib (second-line treatment)

	Pembrolizumab
	Keytruda
	PD-1
	Approved by FDA in 2018; Approved by China NMPA in 2018
	Merck Sharp & Dohme 
	HCC progression or high toxicity after first-line therapy with sorafenib (second-line treatment)

	Atezolizumab
	Tecentriq
	PD-L1
	Approved by China NMPA in 2020
	Roche Pharmaceutical Ltd
	Advanced HCC 

	Camrelizumab
	Erika
	PD-1
	Approved by China NMPA in 2020
	Jiangsu Hengrui medicine
	Advanced HCC after therapy with sorafenib or oxaliplatin   

	Tislelizumab
	Baizean
	PD-1
	Ongoing
	BeiGene (Shanghai)
	/

	Sintilimab
	Daboshu
	PD-1
	Ongoing
	Innovent
	/

	Toripalimab
	Toi
	PD-1
	Ongoing
	Shanghai Junshi Biosciences
	/

	Durvalumab
	Imfinzi
	PD-L1
	Ongoing 
	AstraZeneca
	/

	Avelumab
	BAVENCIO
	PD-L1
	Ongoing
	Pfizer & Merck
	/

	Tremelimumab
	Tremelimumab
	CTLA-4 
	Ongoing
	AstraZeneca
	/


PD-1: Programmed cell death protein-1; PD-L1: Programmed cell death 1 ligand 1; CTLA-4: Cytotoxic T-lymphocyte-associated protein 4; FDA: Food and Drug Administration; NMPA: National Medical Products Administration; HCC: Hepatocellular carcinoma.

Table 2 Clinical studies of thermal ablation combined with immunotherapy for patients with hepatocellular carcinoma
	Ref. 
	Location
	No. (combination group vs control group
)
	Tumor size (cm)
	Number of tumor nodules (single/multiple)
	Combination group
	Control group

	Follow-up period (mo)
	Recurrence rates
	OS, RFS, PFS  or DFS
	Adverse events in the combination group 

	Weng et al[73], 2008 
	China
	45 vs 40 
	2-13
	NR
	RFA + TACE + CIK cells 
	RFA + TACE 
	18
	1-year (8.9% vs 30.0%), 18-mo (15.6% vs 40.0%) (both P < 0.05)
	RFS rates: 68.9% (31/45) vs 20.0% (8/40)
	A light fever
and shiver (24.4%, 11/45) 

	Ma et al[75], 2010
	China
	7
	1-3.5
	6/1
	RFA + RAK cells
	/
	7
	No recurrence
	NR
	A slight fever (14.3%, 1/7) 

	Huang et al[74], 2013
	China
	85 vs 89
	1-26
	41/44 vs 40/49
	RFA + TACE + CIK cells 
	RFA + TACE
	median 78 (5–173)
	NR
	OS: 56 mo vs 31 mo (P = 0.001); PFS: 17 mo vs 10 mo (P = 0.001)
	Fever (37.5–39.3℃) and chills (3.5%)

	Cui et al[76], 2014
	China
	30 vs 32
	2-8
	12/18 vs 18/14
	RFA + CIT
	RFA
	Median 12 (10–28) 
	NR
	OS rates: 1-year (100% vs 92.6%), 2-yr (100% vs 76.6%); PFS: not reached vs 12 mo (P < 0.0001)
	Fever (38.5℃) (3.3%)

	Bian et al[77] , 2014
	China
	62 vs 65
	BCLC stage 0-B
	35/27 
	RFA + 131I metuximab
	RFA
	NR
	1-year (31.8% vs 56.3%), 2-year (58.5% vs 70.9%) 
	NR
	No serious adverse events 

	Tu et al[78], 2015
	China
	12 vs 22
	< 5 (66.7%)
	10/2 vs 16/6
	RFA + 131I-chTNT
	RFA
	Median 31 (5–48) 
	83.3% (10/12) vs 86.4% (19/22)
	OS: 43 mo vs 35 mo (P = 0.052); PFS: 23 mo vs 7 mo (P = 0.047)
	[bookmark: _Hlk64737523]The counts of white blood cells increased 

	Yu et al[82], 2015
	China
	14 vs 15
	2.4 ± 0.7 vs 2.5 ± 0.8
	NR
	MWA + immunotherapy
	MWA
	16 vs 19 
	7.1% vs 40%
	OS rates: 100% vs 80% (P = 0.126); DFS rates: 92.86% vs 66.67% (P = 0.076)
	Fever (< 39℃) (42.9%)

	Duffy et al[72], 2017
	United States
	32
	BCLC stage C or B
	NR
	RFA + anti-CTLA-4 (tremelimumab)
	/
	NR
	median time to tumor progression: 7.4 mo 
	Median OS: 12.3 mo; PFS rate: 6-m (57.1%), 12-mo (33.1%)
	Pruritus

	Huang et al[83] , 2020
	China
	43 vs 57
	Median 9 (5–26)
	19/24 vs 30/27
	TACE + MWA + CIK
	TACE + MWA
	Median 31 (1–163)
	NR
	OS: 41 mo vs 24 mo (P = 0.002); DFS: 17 mo vs 10 mo (P = 0.023) 
	No severe adverse events


BCLC: Barcelona Clinic Liver Cancer; RFA: Radiofrequency ablation; TACE: transarterial chemo-embolization; MWA: Microwave ablation; CIK: Cytokine-induced killer; RAK: RetroNectin activated killer; CIT: Cellular immunotherapy; 131I-chTNT: Iodine-131-labeled chimeric tumor necrosis therapy; CTLA-4: Cytotoxic T-lymphocyte-associated protein 4; OS: Overall survival; RFS: Recurrence-free survival; PFS: Progression-free survival; DFS: Disease-free survival; NR: Not reported.
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